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ABSTRACT 

RcMiihiruc  (SR)  IS  the  name  given  to  a  statistical  nonlme.ir  phenomenon 
scherehy  a  \seak  or  suhthreshold  coherent  tunction  can  be  amplil'ied  by  r.mdom  forces, 
or  noise,  within  the  system.  It  was  first  advanced  in  the  early  IdSD's  as  a  possible 
oplanaiion  tor  the  observed  periodicities  m  the  recurrences  of  the  l-.arth's  Ice  Ages' •' 
The  tiisi  publication  ot  a  modern  theory*''  led  to  an  experimenf^  and  a  Hurry  ul 
tuither  theoretic.d  .ictisily^"'',  an  international  conference'"  and  a  resiesc''  In  this 
p.ipei.  ue  desctibe  a  demonstration  e.spenment  wherein  SR  is  exhibited  in  a  supercon¬ 
ducting  qu.inttim  interterence  device  (SOI  ID)  Here  SR  is  vieised  as  a  noiss  mtorm.i- 
tion  tr.iiismission  process  It  is  entiiely  a|''propriate.  theretore.  to  look  tor  this  dyn.im- 
ICS  m  ,1  ssidely  used  sensitive  detector  m  this  example,  a  detector  ot  weak  m.ignetk 
lichls  Csing  .1  modem,  minature.  thin  turn  SOCID'T  see  hope  this  ilemoiisti .1: i"n  ccill 
stimul.itc  liiiilier  rv'C.irch  .ind  deselopmenr  o(  SR  in  applied  supercotidncin in. 


IN  I  KODCC  I  ION 


h.ise  ilenionstrated  SiaJuLUn  AS  so/i, )/)((•'  in  a  bistable  .S(,)CII)  loop,  ,0  ,1  lirsi 
step  m  stimulating  iiiierest  in  possible  .ipphcations  using  supercondiictnig  desue^  Ue 
begin  with  an  eiiu.ition  governing  the  magnetic  flux  trapped  within  an  it  SOl'lD  l■'op‘' 

1 

/  Co  -t  A  o  -!•  C’  '  ~;jsin(  r roi  ~  o,  .  1  1  * 

where  O  ‘il!l  'i.  i^  the  norm,ili/ed  magnetic  flux  ti.ipped  within  the  looP.  Cj 
'Im/)  '!',  IS  the  norm.ili7ed  flux  externally  imposed  on  the  loop,  'b,.  =  /;  o  ihe  thix 
i|u.intuin.  /  .Hid  C  the  loop  inductance  and  pmction  cap.kit.iiice  le^pe,  1 1\..  Is  .md  : 

■  /.  A’,  is  the  luiKlioii  lesist.ince  I  he  pai.imetei  which  determine'  the  sh.i;  e  oi  il.e 
potential  goseining  tile  dcnamics  ot  Ml  is  -  2ii/  i\  wheie  0  the  luiut. oa  ,riii 
c.il  'Uiieiit  In  oui  expeiiment.  the  extetn.il  flux  >1’,  w.is  ei'm|'osev!  ot  I  »  pen  di,  ,i:ul 
stov h.r.t k  V oiiiponen'.s 

'lyUI  »  '1  ,,  sinl  u',  / 1  +  'l\i.'i.  Ml 

wheie  Ihe  peiiodi,  inponeni  lepiesent'  an  audio  trei.|uenc\  sign.il.  ,iiid  the  'i.  Mi.i'ii, 
n'lnponeii!  w.;s  .1  (  m. >-.1,111  noise  whose  b.indwidlh  was  m  the  .ludio  i.iiu'e'’  H;- : .d'lln s 
|s  ,1  piei  ei|usi:e  |oi  .  dwei  ■. ,ii ions  ot  SR  la|ualion  I  I )  is  bistable  loi  ,eit.iin  '  oi  .  , 

.ind  'l'(,|  .  ,iiM  ihe  i;.i  tail's  whkii  show-  ihe  bisi.ible  ilsn.imics  i\  the  tins  ii.ipp  ssiili;:! 
the  It  top  .  !  ; 
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DESCRIPTION  OF  THE  EXPERIMENTAL  APPARATUS 

In  order  to  experimentally  observe  the  bistable  dynamics,  one  must  measure  the 
trapped  flux  <J(r).  This  requires  a  second  SQUID,  either  mounted  coaxially  with  the 
loop  of  the  first  SQUID,  or  coupled  to  it  with  a  superconducting  transformer' V  We 
chose  the  latter  configuration.  The  primary  SQUID  was  a  thin  film  device  mounted  on 
a  single  chip  with  integrally  mounted,  superconducting  transformer  primaries  supplied 
by  Quantum  Magnetics.  This  is  a  thin  film  SQUID  with  primary  and  secondary  windings 
coupled  to  the  SQUID  all  evaporated  on  a  single  silicon  chip.  The  Quantum  Design  DC 
SQUID  chip  is  shown  in  Fig.  1.  It  is  the  first  commercially  available  and  the  most  sen¬ 
sitive  all-thin-film  DC  SQUID  sensor.  The  junctions,  located  in  the  central  region  ot 
the  chip,  are  made  in  the  state-of-the-art  niobium  trilayer  technology  on  silicon  and  are 
part  of  two  two  identical  loops  connected  in  parallel,  each  coupled  to  an  input  coil. 
This  unique  "double  balanced"  design  reduces  coupling  between  the  input  and  modulation 


Fig.  I .  The  Quantum  Design  DC  SQUID.  The  rectangles  around  the  edges  are 
bond  pads  for  electrical  connections.  The  left  and  ri^t  spiral  coils  couple  the 
input  signal  to  the  SQUID  loops.  The  upper  and  lower  coils  are  used  for  a 
500  kHz  AC  flux  modulation  used  for  noise  reduction.  The  current  and  volt¬ 
age  leads  appear  as  a  cross  but  are  not  connected  in  the  middle.  The  two 
Josephson  junctions  are  located  at  the  lower  left  and  upper  right  of  the  cross 
but  near  the  center  The  size  of  the  chip  shown  is  5  x  3  mm. 

coils  to  negligible  levels  while  giving  high  mutual  inductance  with  the  SQUID. 

The  secondary,  or  measuring,  SQUID  was  a  standard  BTI  model'^,  which  was  cou¬ 
pled  to  the  primary  SQUID  with  a  completely  superconducting  transformer.  A  sche¬ 
matic  diagram  of  the  experimental  setup  is  shown  in  Fig.  2.  This  apparatus  was 
mounted  inside  a  superconducting  Nb  shield  and  mounted  near  the  bottom  of  a  liquid 
helium  dewar  The  apparatus  was  operated  at  a  temperature  of  4.2  "K  in  boiling  liquid 
helium.  No  further  external  magnetic  shielding  was  employed. 
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l-ig.  2  Sch^n.jtic  ot  the  hisi.it'le  SQUID  experiment  showing  the  Quantum 
Magnetics  clap  anJ  the  HTI  measuring  SQUID  coupled  with  a  superconducting 
transformer  Noise  and  signal  soilages  supplied  hy  the  external  electronics 
svere  transtormeJ  into  external  magnetic  flux  in  the  coil  Cl. 

I  X.S.MI'l  i;  I  .XI'liklMUNTAI.  RESULTS 

In  our  experiment,  ti  =  20  and  =  O.S'l’,.,  values  which  guaranteed  that  the 
potential  was  histe.n’e  l•,xperlmeii:^  vsere  perfotmed  at  tsso  signal  frequencies,  17  6  }\/ 
and  100  Hz  ssith  signal  peak  soltages  ot  mV-pk  and  47S  mV-pk  respectively  The 
noise,  or  .stochastic,  compiuieiii  is.o  supplied  by  a  standard  noise  generator  and  the 
noise  s’oltage  sarieJ  over  the  r.inge  Ironi  100  to  I.SOO  niV'-rms  (  1 ,0  V'  was  equivalent  to 
0  l'I'„  of  applied  external  t'lux  The  power  spectra  of  <Mr)  ssere  measured  and  aver¬ 
aged  in  the  usual  ssas  at  the  otiipui  ot  the  IJTl  SQUID  electronics,  and  the  signal-to- 
noise  ratios  iSNR  si  svere  deiernsm-cd  tiom  the  measured  and  lime  ax’eraged  power 
spectra  of  the  output  ot  the  HTI  electronics  using  a  ct'nvetuional  definition  The  results 
of  this  experiment  are  shossn  in  I'lg  .s  utiere  the  circles  represent  the  results  for  the 
low  signal  frequency  and  the  square^  lor  the  high  freiiuency 

At  each  frequency,  data  ssere  collected  tor  tsso  different  signal  strengths  lor  each 
data  set.  a  clear  m.ixiinum  in  the  SNK  -  the  lamiliar  signature  ot  SR  ■  was  ohsercved 
1  he  maxima  in  the  SNK  occtii  at  a  noive  soltage  ot  =  700  wT  sshich  is  equisaleni  to  an 
rnis  fluctuation  ot  U  LCd',,  within  sshiJi  a  colierent  signal  equivalent  to  0.02,s7il-,  pe.ik  at 
17  6  Hz  was  easily  deiectahle  I'his  ..le.uiy  demonstrates  that  hisiahle  SQUIDs.  used  in 
comhinalion  ssith,  SK.  can  he  tiselul  in  detecting  sseak.  coherent  magnetic  signals  buried 
in  external  noi^e.  .i.'i  .ipplic.iiion  i-:  ohm  Jet  .ihle  iinporiance. 

Work  .siipporieJ  by  the  I  S  Ollice  ot  .N.isal  Research  grant  \000!4-')|-J  l')7q  and 
hy  Quantum  .M.ign.ti.N,  Inc 
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Fig.  3.  The  SNR  versus  rms  noise  voltage  for  the  bistable  SQUID  experiment, 
with =  17.6  Hz,  Vj  =  650  mV-rms  (filled  circles)  and  =  237  mV  (open 
circles);  and/,  =  100  Hz,  v,  =  475  ml'  (filled  squares)  and  v,  =  237  mF 
(open  squares).  For  these  data  1.0  V  b0.14>q  at  the  coil  Cl. 
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